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Coelenterazine (CLZn; 3, 7-dihydro-2-(p-hydroxybenzyl)-6-(p-hydroxyphenyl)-8- 
benzylimidazolo++ +[1 ,2-a]pyrazin-3-one), the substrate for bioluminescence 
reactions in many marine animals, is endowed with high antioxidant properties. 
This work investigated the antioxidative properties of CLZn in primary cultures 
of rat hepatocytes subjected to the oxidant tert-butyl hydroperoxide (t-BHP). 
Micromolar concentrations of CLZn increased survival and decreased lipid 
peroxidation in rat hepatocytes subjected for 6 hr to 2.5 x 10(-4) M t-BHP. 
However, the extent of protection was limited by a strong toxicity of CLZn 
(IC(50) = 6.9 x 10(-5) M). The presence of t-BHP increased the cellular toxicity 
of CLZn. Methyl coelenterazine (CLZm, 3, 7-dihydro-2-methyl-6-(p- 
hydroxyphenyl)-8 benzylimidazolo[l, 2-a]pyrazin-3-one), a synthetic analogue of 
CLZn, demonstrated excellent antioxidant properties, even at very low (3 x 10(-6) 
M) concentrations and was not toxic throughout most of its effective 
concentration range. CLZm proved far more effective than reference antioxidants 
such as Trolox C(R), alpha-tocopherol, BHT, and probucol. The assay of 
thiobarbituric reactive substances (TBARS) associated with cells and in the 
culture medium indicated that 10(-5) M CLZm provided a total protection against 
t-BHP-induced lipid peroxidation. This coelenterazine analogue could be used as 
a model compound for investigating the action mechanism of 
imidazolopyrazinones in mammalian hepatocytes. 
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Hepatocytes Subjected to tert-Butyl Hydroperoxide- 
Induced Oxidative Stress 
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ABSTRACT. Coelenterazine (CLZn; 3,7-dihydro-2-(p-hydroxybenzyl)-6-^ 

zolo[l,2-a]pyrazin-3*one) f the substrate for biolurninescence reactions in many marine animals, is endowed with 
high antioxidant properties. This work investigated the antioxidative properties of CLZn in primary cultures of 
rat hepatocytes subjected to the oxidant ten-butyl hydroperoxide (t-BHP). Micromolar concentrations of CLZn 
increased survival and decreased lipid peroxidation in rat hepatocytes subjected for 6 hr to 2.5 X 10"* M t-BHP. 
However, the extent of protection was limited by a strong toxicity of CLZn (iC^ = 6.9 X 10~ 5 M). The presence 
of t-BHP increased the cellular toxicity of CLZn, Methyl coelenterazine (CLZm, 3,7-dihydnv2-methyl-6-(p- 
hydroxyphenyl)-8 benzylirrudazolofl^-alpyrazin^-ime), a synthetic analogue of CLZn, demonstrated excellent 
antioxidant properties, even at very low (3 X 10" 6 M) concentrations and was not toxic throughout most of its 
effective concentration range. CLZm proved far more effective than reference antioxidants such as Trolox C®, 
ot-tocopherol, BHT, and probucol. The assay of thiobarbituric reactive substances (TBARS) associated with cells 
and in the culture medium indicated that 10" 5 M CLZm provided a total protection against t-BHP-induced lipid 
peroxidation. This coelenteraiine analogue could be used as a model compound for investigating the action 
mechanism of imidazolopyrazinones in mammalian hepatocytes. BlOCHEM PHARMACOL 60;4:47 1-478, 2000. 
© 2000 Elsevier Science Inc. 
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CLZn§ is an imidazolopyrazinone (Fig. la) acting as a 
luminescent substrate in many bioluminescent marine or- 
ganisms [1], Observing the widespread occurrence of CLZn, 
in both bioluminescent and non-bioluminescent animals 
[2], and the high reactivity of IMPZs with ROS [3], we 
proposed that CLZn could help cells to cope with oxidative 
stress [4]. The antioxidant properties of CLZn, which could 
have preceded its utilisation in light-emitting mechanisms 
during evolution, have been demonstrated in human fibro- 
blasts subjected to the lipid peroxidation initiator t-BHP 
[4]. Acellular lipid peroxidation assays confirmed that 
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CLZn possesses chain-breaking properties similar to that of 
a-tbcopherol [4]. 

Due to their high metabolic functions, high content in 
cytochromes P450 (CYP 450), and their central role in the 
biotransformation of xenobiotics, hepatocytes are very 
much exposed to oxidative stress in vivo, as indicated by the 
great number of liver pathologies which have been linked 
to oxidative stress [5]. Oxidants may generate lipid hy- 
droperoxides decomposing into alkoxyl and peroxyl radi- 
cals, which then can oxidise all cellular constituents [6]. 

In this work, we investigated the antioxidant properties 
of CLZn and of a synthetic analogue (CLZm, Fig. lb) 
possessing a methyl at the C-2 position on the fused 
imidazolopyrazinone ring in rat hepatocytes subjected to 
t-BHP. While being able to protect rat hepatocytes against 
the peroxide, CLZn proved to be rather toxic to these cells. 
On the other hand, micromolar concentrations of the 
analogue CLZm protected cells very effectively, with few 
signs of toxicity at higher doses. The results indicate that 
CLZm is a powerful antioxidant in cells and a good model 
compound for studies of the mechanisms underlying the 
antioxidant properties of IMPZs in rat hepatocytes. 
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MATERIALS AND METHODS 
Chemicals 

BHT, TBA, MTT, 6^hydroxy^2,5,7 > 8'pentamethylchrcv 
man-2~carboxylic acid (Trolox C®), oi-tocopherol, probu- 
col, t-BHP, and collagenase (type IV, EC 3.4.24.3) were 
purchased from Sigma Chemical Co. The LDH assay kit 
was from Boehringer. Butanol was from Fluka while DMSO 
was obtained from Acros Organics. Coelenterazine (3,7- 
dihydro-2-(p~hydroxybenzyl)'6-(p~hydroxyphenyl)-8- 
benzylimidazo[l,2-a]pyrazin-3-one) and CLZm (3,7- 
dihydro-2-me thyl-6-(p- hydro xypheny l)-8- 
benzylimidazo[l,2-a]pyrazin-3-one) were synthesised 
according to published methods [7]. Their purity was 
assessed through HPLC, 13 C-NMR, and l H-NMR. WE, 
DMEM F12 with HEPES and glutamax, and RPMI-1640 
medium lacking phenol red were purchased from GIBCO 
BRL. 



Cell Culture 

Male Wister-Yops rats (averaging 200 g body weight) were 
obtained from Iffa Credo. Their hepatocytes, isolated ac- 
cording to the modified m situ collagenase liver perfusion 
technique of Seglen [8], were transferred to collagen- 
precoated culture plates (Cellon bovine dermal collagen, 
60 fjLg/mL). The cells were seeded either on 96-well 
microplates (20,000 cells/well) for MTT and LDH-based 
experiments or on 6-well plates (1,000,000 cells/well) for 
the measurements of TBARS. Hepatocytes were first 
cultured for 4 hr at 37° (95% humidity, 5% C0 2 ) in WE 
medium containing 10% foetal bovine serum (FBS) and 
1% penicillin and streptomycin, and then the medium 
was changed to WE medium supplemented with antibi- 
otics and additional factors (10 nM insulin, 0.1 \lM 
dexamethasone, 10 fig/mL of a linoleic acid-BSA com- 
plex, 0.1 mM ascorbic acid, and 50 ng/mL of epidermal 
growth factor). 



Oxidative Stress with t-BHP 

Hepatocytes were incubated (37°, 95% humidity, 5% C0 2 ) 
for 6 hr with 2.5 X 10" 4 M t-BHP in the presence or 
absence of the tested antioxidants. Antioxidants were 
solubilised in ethanol (final concentration < 1%) or 
dimethylformamide (DMF, final concentration < 
0.03%) before addition to serum-free culture medium. 
Control experiments indicated that neither solvent in- 
fluenced the cellular survival nor the peroxidation level 
of cellular lipids. 

Measurements of Cellular Damage 

survival measured by the MTT assay. Cells were 
incubated in serum-free DMEM supplemented with 0.2 
mg/mL of insulin and 0.25 mg/mL of BSA for 6 hr 
containing t-BHP and the tested antioxidants. Microplates 
were then rinsed with PBS. MTT (1 mg/mL in RPMI 
medium without phenol red) was added to the wells (50 
ul/well). After a 2-hr incubation (37°, 95% humidity, 5% 
C0 2 ), plates were centrifuged (1400 g, 4 min, 4°), the 
medium was removed, and the formazan crystals formed 
within metabolically active cells were dissolved in DMSO 
(50 jiL/well). Absorbance of formazan was read at 540 nm 
on a spectrophotometer (Titertek Multiskan, Labsystems). 
Blanks were read at 690 nm. 

LDH release. Cells in 96-well plates were incubated for 
6 hr with both t-BHP and the antioxidants in serum- free 
RPMI medium without phenol red. The release of LDH 
into the supernatant was then quantified by a colouri- 
metric test based on NADH synthesis (cytotoxicity 
detection kit, Boehringer). Controls included untreated 
cells and cells lysed with Triton X-100 2% (100% 
mortality). The mortality of cells was calculated accord- 
ing to this scale. 
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FIG. 2. Cytotoxicity curves of CLZn (■) or CLZm (•) applied 
on rat hepatocytes. Both IMPZs were applied for 6 hr and 
survival was measured by the MTT test. Each value is the 
mean ± SE of 6 replicates. Controls (100% survival) are cells 
treated with culture medium (DMEM) only. 

Lipid Peroxidation Assay 

The extent of lipid peroxidation was determined by quan- 
tifying the amount of TBARS in the medium and in cells. 
Treatments were carried out in 6'well plates containing 
serum- free RPMI medium without phenol red, as this could 
interfere with the assay. TBARS released into the culture 
medium were assayed according to the method of Wey et al 
[9]. Briefly, a 500 u,L aliquot of the supernatant was added 
to a mixture of 400 pL 15% TCA and 800 \ih 0.67% (w/v) 
TBA and heated (95°) for 20 min in a water bath. After 
cooling, 3 mL of butanol was mixed thoroughly into the 
solution, tubes, were centrifuged, and the fluorescence 
(excitation: 521 nm; emission: 552 nm) in the butanol 
phase was measured. TBARS in cells were determined 
according to Gunther et al. [10]. TCA (2 mL, 2.5% w/v) 
was added to each rinsed plate and the cells were scraped 
off. After centrifiigation ( 13,000 g t 2 min), 500 p-L of the 
supernatant was taken for the reaction with the above 
TCA-TBA mixture and subsequent measurement of 
~^TBARS as described above. Standard curves specific for the 
assays in both compartments were created using malondi- 
aldehyde (MDA) and the signal convened into MDA 
equivalents per well. Control tests indicated that none of 
the tested antioxidants interfered with the assay. 

Statistical Analysis 

Significance of differences between treatments was tested 
by a one-way analysis of variance (ANOVA). 

RESULTS 

Cytotoxicity of CLZn and CLZm 

First, toxicity curves for CLZn and CLZm on rat hepato- 
cytes were established using the same conditions as those 
employed in the following experiments. The viability of 
hepatocytes treated for 6 hr with increasing concentrations 



(3 X 10~ 6 -10" 4 M) of CLZn or CLZm was analysed (MTT 
assay). A significant toxicity of CLZn was observed when 
its concentration exceeded 2 X 10" 5 M (Fig. 2). The CLZn 
concentration lethal for 50% of the cells (ic 50 ) was esti- 
mated as 6.9 X 10~ 5 M. On the other hand, CLZm showed 
little toxicity up to the highest concentrations tested (10~ 4 
M). Higher concentrations could not be tested, since 10" 4 
M is close to the maximal solubility of both compounds in 
the culture medium. 

Concentratian*Dependent Protection of t-BHP -Treated 
Hepatocytes by CLZn, CLZm, and Reference 
Antioxidants 

The oxidative stress induced by 2.5 X 10^ 4 M t-BHP 
proved to be highly toxic to the cells, since about ninety 
percent of the hepatocytes died within 6 hr. The addition 
of low concentrations (3 X 10" 6 -10~ 5 M) of CLZn and 
CLZm significantly protected the cells (Fig. 3). At these 
doses, CLZn improved the cellular survival from 12% in 
cells treated with t-BHP alone to more than 50% in cells 
incubated with 6.6 X 10~ 6 M CLZn. However, a strong 
toxicity occurred when higher CLZn doses (>10~ 5 M) 
were applied. The synthetic analogue CLZm, while very 
effectively protecting hepatocytes even at the lowest con- 
centration tested (3 X 10~ 6 M), maintained the survival in 
the 70-80% range as its concentration was raised to 30 
nM. Nevertheless, the protection plummeted to zero at the 
highest CLZm concentration tested (5 X 10~ 5 M). While 
these results demonstrate that IMPZs can protect hepato- 
cytes against the lethal effects of t-BHP, they also reveal 
that the above-described toxicity of CLZn is increased in 
the presence of t-BHP; on the other hand, CLZm, although 
not toxic when applied alone, exerts some detrimental 
action in coincubation with the oxidising stressor. Owing 
to the high toxicity of CLZn, further tests were only carried 
out with CLZm. 
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FIG. 3. Concentration-dependent effect of CLZn (■) or CLZm 
(•) on the survival of rat hepatocytes treated for 6 hr with 
2.5 X 10~ 4 M t-BHP. Survival was assayed by the MTT test. 
Values are expressed as means ± SE of 6 replicates. Controls 
(100% survival) were treated with culture medium (DMEM) 
only. 
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FIG. 4. Concentration-dependent protective effect of CLZm and 
reference antioxidants on the survival of rat hepatocytes treated 
for 6 hr with t-BHP (2.5 X 10~ 4 M). Survival was assayed by 
the MTT test. Values are expressed as means ± SE of 3 
replicates. Controls (100% survival) were treated with culture 
medium (DMEM) only. The dotted line indicates the survival of 
cells treated with t-BHP alone. CLZm (•), Trolox C® (O), 
BHT (■), probucol (T), a-tocopherol (♦). 



In order to establish the relative antioxidative potency of 
this compound comparative to other well-known antioxi- 
dants, different concentrations of CLZm, a-tocopherol, 
BHT, probucol, and Trolox C® were tested on t-BHP- 
treated hepatocytes. The concentration range of each 
antioxidant was determined from doses reported to be 
effective in the literature and according to their respective 
solubility in the culture medium. Each antioxidant was 
coincubated with 2.5 X UT 4 M t-BHP for 6 hr. The 
survival was then measured by both the MTT cytotoxicity 
assay (Fig. 4) and the release of LDH into the culture 
medium (Fig. 5). The survival of t-BHP-treated hepatocytes 
was estimated at 24 ± 3% by MTT assay. A significant 
concentration-dependent protection was provided between 
3 and 20 micromolar CLZm. A total protection was 
achieved at 2 X i0~ 5 M CLZm. At higher concentrations, 
however, this protective effect decreased, although cell 
survival remained higher than for the peroxide-treated cells 
without CLZm. Reference antioxidants were much less 
efficient cell protectors than CLZm. Except for Trolox C®, 
the hydrophilic analogue of vitamin E, none achieved a full 
protection such as obtained with CLZm. In the case of 
Trolox C®, it is noteworthy that a similar protection level 
was reached, but only at doses 100 times higher than those 
required for CLZm. BHT, like Trolox C®, significantly 
protected the cells at all concentrations tested (3 X 10" 5 M 
to 5 X 10" 5 M, maximal survival: 74.4 ± 4.3%). The 
protection conferred by a-tocopherol, although statistically 
significant (P < 0.05), remained very low. Probucol was 
not effective except at 6.7 X 10~ 5 M, where it slightly 
increased cell survival to 39.0 ± 5.8%. 

Although survival levels estimated by LDH released into 
the supernatant were higher than those obtained with the 
MTT test, probably resulting from the additional two hours 



required in the MTT-based assay, similar conclusions could 
be drawn: CLZm achieved total cellular protection, fol- 
lowed by Trolox C® and BHT (Fig. 5). Probucol and 
a-tocopherol were less effective. It is important to note that 
the increased release of LDH observed with the highest 
concentration of CLZm (5 X 10" 5 M) was only detected in 
the presence of t-BHP. CLZm as such did not significantly 
increase the LDH level in the culture medium (not shown). 

Protection of Cellular Lipids Against Oxidation 

t-BHP induced mortality was previously ascribed to its 
ability to trigger the peroxidation of membrane lipids [11]. 
Therefore, the improvement in cellular survival by IMPZs 
suggests that they were able to protect cellular lipids against 
the peroxidising effect of t-BHP. We thus examined 
whether CLZm could decrease the level of lipid peroxida- 
tion during a stress induced with 2.5 X 10~ 4 M t-BHP. 
Cellular lipid peroxidation in hepatocytes was estimated by 
the measurement of TBARS in the culture medium and in 
the cells (Table i). Trolox C® was chosen as reference as it 
gave the best cytoprotection among antioxidants tested in 
the above experiment. CLZn was also included in this test 
to determine whether its toxicity could be related to some 
pro-oxidant effect, as shown foT other antioxidants [12 J. 
Control cells exhibited low TBARS values (277.38 ± 
27.78 pmol/10 6 cells), with 85% of the signal being re- 
corded in the culture medium. A 6-hr treatment of hepa- 
tocytes with 2.5 X 10" 4 M t-BHP increased TBARS levels 
in the culture medium about 6-fold, while that of the cells 
was doubled. Consequently, 96% of the t-BHP-induced 
TBARS production was associated with the culture me- 
dium. Coincubation of the hepatocytes with CLZm (10~ 5 
M and 5 X 10" 5 M) reduced malondialdehyde (MDA) 
production in cells and medium to levels equivalent to 
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FIG. 5. Effect of CLZm and reference antioxidants on the 
release of LDH by hepatocytes treated for 6 hr with 2.5 X 10~ 4 
M t-BHP. LDH values are expressed as means ± SE of 3 
replicates. Total LDH content was estimated by treating the 
cells with Triton X-100 2%. The dotted tine indicates the 
percentage of total LDH released by cells treated with t-BHP 
alone, CLZm (•), Trolox C* (O), BHT (■), probucol (▼), 
a*tocophero] (♦). 
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TABLE 1. Effects of antioxidants on TBARS production by t-BHP-treated rat hepatocytes 



TBARS (pmol malondialdehyde/well) 



Cells 



Medium 



Total 



Control cells 


38.58 ± 


7.40 a 


238.80 ± 


26.11 a lCl d 


277-38 ± 27.78 a,c,d 


t-BHP alone 


84.87 ± 


3.45 b 


1366.69 ± 


90.78 b 


1451.57 ± 91.06 b 


+ CLZn (5.KT 5 M) 


25.60 ± 


4.02 a 


353.03 ± 


28.53 a,d 


378.63 ±31.59 a,d 


+ CLZn (1CT 5 M) 


26.55 ± 


2.63 a 


217.02 ± 


37.68 c 


243.57 ± 35.14 c 


+ CLZm (5.UT S M) 


22.44 ± 


2.26 a 


86.86 ± 


7.44 c 


109.30 ± 9.35 c 


+ CLZm (1(T 5 M) 


25.74 ± 


2.62 a 


133.34 ± 


16.74 c 


161.64 + 15.73 c 


+ Trolox C(10" 3 M) 


21.54 ± 


2.86 a 


122.98 ± 


2.76 c 


144.52 + 5.08 c 


+ Trolox C (5.10* 4 M) 


27.25 ± 


1.92 a 


129.36 ± 


7.86 c 


156.61 ± 9.54 c 


+ Trolox C( 10 " 4 M) 


37.87 i 


3.95 a 


261.12 ± 


8.30 c,d 


286.37 ± 8.30 c,d 


+ Trolox C (5.10~ 5 M) 


37.27 ± 


1.24 a 


439.62 ± 


59.96 d 


464.47 ± 52.62 d 



Mean ± SE, N = 3. Within each column, data not sharing the same letter arc significantly different (P < 0.05). 



e assayed in cells and in the culture medium. 



those of untreated cells (P < 0.05). CLZm proved more 
efficient than CLZn, although the latter significantly re- 
duced TBARS to levels not different from controls. Trolox 
C® also reduced TBARS levels in cells and the medium 
significantly. However, 5 X 10~ s M Trolox C® was 
significantly less effective than CLZm at the same concen- 
tration, with total TBARS of 464.47 ± 52.62 and 109.30 ± 
9.35 pmol MDA/10 6 cells, respectively (P < 0.05). Higher 
Trolox C® concentrations (10~ 4 , 5 X 10~ 4 , 10~ 3 M) 
reduced TBARS to levels not significantly different from 
those recorded for the two CLZm concentrations. In order 
to rule out that reductions of TBARS in the supernatant 
could be related to some protection of the culture medium, 
instead of the cells, by antioxidants, preincubation experi- 
ments were performed. In these tests, cells were incubated 
with CLZm ( 10" 5 M) or Trolox C® ( 10" 3 M) for i hr, then 
medium was then removed, and the cells rinsed thrice with 
PBS. The peroxide was then applied on the cells. After 6 
hr, TBARS were assayed in the supernatant and compared 
to those recorded for cells treated with t-BHP in the 
absence or the continued presence of the antioxidants. 
Cells previously loaded with 10~ 5 M CLZm showed 
TBARS levels corresponding to 20.76 ± 2.86% of those 
recorded for cells exposed to t-BHP alone. For Trolox C® 
(10~ 3 M), TBARS were reduced to 14.05 ± 2.15%. When 
cells were coincubated with t-BHP and either CLZm or 
Trolox C®, TBARS in the supernatants were 3.86 ± 0.52% 
and 2.82 ± 0.40%, respectively, that of the TBARS 
recorded for t-BHP alone. All these results indicated that 
the decreased TBARS levels in the presence of the anti- 
oxidants reflect a protective action on the cellular constit- 
uents whose oxidation generates TBARS in the medium 
rather than on the culture medium itself. 

DISCUSSION 

The results presented herein demonstrate that CLZm is 
able to protect rat hepatocytes against the lethal effects of 
t-BHP. It markedly improved cellular survival and helped to 
maintain the integrity of cellular membranes as revealed by 



the reduction of LDH and TBARS release. t-BHP has often 
been used as a model compound to study the effects of 
hydroperoxides in biological systems [11, 13-16], Previous 
studies revealed that this oxidant, when used at concentra- 
tions such as employed in the present work, damages 
hepatocytes through the induction of lipid peroxidation 
[17, 18]. The mechanisms involved in the oxidation- 
dependent toxicity of t-BHP in hepatocytes have been 
linked to the ability of these cells to metabolise the 
hydroperoxide through two pathways [19]. First, t-BHP can 
be detoxified into its corresponding alcohol by glutathione 
peroxidase, thus depleting GSH stores. As an alternative 
pathway, t-BHP can be activated to radical intermediates 
by cytochromes P450 catalysing its cleavage into alkoxyl 
and peroxyl radicals [18, 20, 21]. These radicals can then 
initiate and propagate lipid peroxidation in cells whose 
susceptibility towards oxidative stress is increased through 
the first detoxification pathway. 

The initiation of lipid peroxidation by t-BHP is known to 
occur intracellularly within the hydrophobic regions of 
membranes [22]. This has been explained by the hydro- 
philic nature of this hydroperoxide as well as by the 
organisation of the CYP 450 system tightly bound to the 
membrane of the endoplasmic reticulum, facing the cyto- 
solic (external) side of the membrane [23, 24]. In such a 
cellular stress model, previous studies have shown that the 
extent of cellular protection provided by extracellularly 
applied antioxidants is conditioned by three main parame- 
ters: their entry into cells through the plasma membrane, 
their intracellular localisation near the sites where ROS are 
being generated and, finally, their ability to quench ROS 
[25). 

Our results obtained with different reference antioxi- 
dants clearly illustrated the influence of these three param- 
eters. Considering the diffusibility into cells, probucol has 
been shown not to cross plasma membranes [26, 27] and it 
provided no protection. On the contrary, BHT is a small 
hydrophobic phenol that penetrates easily into lipid bilay- 
ers, and it performed rather well in hepatocytes [28]. The 
efficiency of Trolox C® — a negatively charged compound 
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with a low diffusibility through membranes — demonstrates 
that this could be compensated for by the other two 
parameters. Nevertheless, the maximal efficiency of Trolox 
C® required millimolar concentrations [29-31]. In our 
experiments, and as already described by others [32], Trolox 
C® and BHT performed similarly. It is known that Trolox 
C® is much more reactive with ROS than BHT [28]. 
Therefore, the higher diffusibility of the phenol may com- 
pensate for its lower reactivity. The efficiency of Trolox C® 
may also be explained by its appropriate location in cells. 
Indeed, Trolox C® is relatively hydrophilic and lipophobic, 
partitioning about 20% into the lipid phase of liposomes 
[33]. This allows reactions of Trolox C® with radicals 
generated from t-BHP both in hydrophilic environments 
and also during the propagation of the lipid peroxidation 
process in the outer part of the membranes- The very 
limited protection conferred by ot-tocopherol, which pre- 
sents a similar reactivity with ROS to that of Trolox C®, 
may very well result from a limited availability at the 
majority of oxidation sites [34]. Furthermore, ot-tocopherol 
is probably too lipophilic and less mobile, thus localising 
too deeply within the membranes [35], a situation which 
would not he appropriate in a t-BHP-tnduced oxidative 
stress. 

The above dose-response experiments revealed that 
CLZm is about 10- to 100- times more potent than the most 
efficient reference antioxidants used in this study. Accord- 
ing to what has been said above, CLZm is superior overall 
in terms of penetration into cells, localisation near sites 
under oxidative threat, and a high reactivity with the ROS 
involved in the cytotoxic effects of t-BHP. 

There is no doubt that CLZm easily diffuses into cells. 
Indeed, CLZn, whose structure and hydrophobicity is very 
similar to CLZm, has been shown to readily access all 
cellular compartments such as the cytosol, the nucleus, and 
the endoplasmic reticulum [36, 37]. Our data indicate that 
CLZm also instantaneously enters rat hepatocytes,* and 
preincubation experiments in the present study confirmed 
that CLZm can rapidly associate to hepatocytes and protect 
cellular lipids against oxidation. Localisation of IMPZs 
could be optimal as well: IMPZs are amphiphilic com- 
pounds that should reach most sites where the peroxidative 
process occurs. Thanks to this distribution, they may 
counteract initiation reactions, scavenging radicals formed 
within the hydrophilic area of the membranes, and also act 
on the propagation of the chain reaction within the 
hydrophobic membrane. 

Acellular experiments have shown that IMPZs are very 
good scavengers of a wide range of ROS, such as singlet 
oxygen and superoxide anions [3, 38], Recently, CLZn has 
been shown to react with peroxynitrite [39]. CLZn also 
inhibits linoleate peroxidation induced by the hydrophilic 
free radical initiator 2,2'-azobis (2-amidinopropane)hydro- 
chloride [4]. MCLA (2-methyl-6-(f)-methoxyphenyI)-3,7' 



* Dubuisson MLN, de Wergifosse B, Marchand-Brynaert J, Trouet A and 
Rees JF, manuscript in preparation. 



dihydroimidazo[l,2-a]pyrazin-3-one, whose structure is 
very similar to that of CLZn and CLZm, was demonstrated 
to have antioxidant properties against lipid peroxidation 
[40]. The higher protective potency of CLZn compared to 
Trolox C® in delaying the acellular oxidation of linoleate 
suggests that the imidazolopyrazinone reacts faster with 
radicals generated in the peroxidative process [4]. There- 
fore, it is likely that the marked superiority of CLZm over 
other antioxidants in hepatocytes is also to be ascribed to a 
very high reactivity with a wide range of ROS generated 
intracellularly. 

As another possibility to explain the superiority of 
IMPZs, one cannot a priori exclude an inhibitory action of 
CLZn and CLZm on some CYP 450 isoforms involved in 
the activation of t-BHP. Two mechanisms may be 
envisaged. First, a non-competitive inhibition could take 
place, such as described for imidazoles [41]. If such an 
inhibition occurs, this would decrease the activation of 
t-BHP and consequently reduce both lipid peroxidation 
and cell killing induced by the stressor. A second 
mechanism could take place if IMPZs are substrates of 
certain isoforms of CYP 450. In that case, the addition of 
t-BHP could increase the hydroxylation rate of imidazo- 
lopyrazinones, using CYP 450 as a peroxidase- like cata- 
lyst [42, 43], thus diverting CYP 450 from its radical- 
forming metabolic pathway. As a consequence, lipid 
peroxidation and cellular mortality would also be de- 
creased. Possible actions of IMPZs on CYP 450s are 
currently being investigated. 

The cellular toxicity of CLZn is intriguing. TBARS 
experiments carried out with cytotoxic concentrations of 
CLZn showed that lipid peroxidation values remained very 
low even though cells were dying, suggesting that the 
toxicity of CLZn does not involve a pro-oxidant effect. 
Moreover, another experiment revealed that Trolox C® 
(10~ 3 M), while protecting cells against t-BHP, did not 
reduce but even strongly increased the toxicity of CLZn 
(results not shown). The observation that the toxicity of 
CLZn and CLZm is increased or triggered, respectively, 
when t-BHP is being concomitantly applied suggests that 
their lethal action could result from their possible 
activation by CYP P450. CLZn and CLZm could then 
possibly be transformed into products harmful to the cell. 
As discussed above, the presence of £-BHP could increase 
the metabolism of IMPZs by CYP 450 as described with 
other compounds and thus act synergistically on cell 
survival [42, 43]. Accordingly, the higher tolerance of 
hepatocytes for CLZm could reflect a lower toxicity of 
metabolites or a lower rate of transformation into harm- 
ful by-products. 

One may conclude from these data that CLZm, but not 
the natural CLZn, could be a good model compound for 
further studies of the mechanisms of this family of powerful 
antioxidants in rat hepatocytes. 
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